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Lagrangian, there is an associated conserved current and
charge, as follows, simplifying Wald's method by consid-
ering only perturbations Æ which are Lie derivatives L

along a vector , which is the local generator of the dif-
feomorphisms. Then
ÆL =  Æ Æ+ d (4)
denes the boundary (n   1)-form [; ], where  is
the space-time Hodge operator. The bulk term , which
gives the equations of motion, has tensorial indices dual
to , with Æ denoting contraction of all indices. This
leads to a current (n  1)-form




 =   d+ d(  ) (6)
implies
dJ =   Æ L

 (7)
which vanishes when the equations of motion hold,  = 0.
On shell J is closed, and
J = dQ (8)
denes a conserved charge (n  2)-form Q, up to various
gauge freedom.
Originally for the Einstein action, Iyer and Wald [2]
found that integrating the charge associated with the
Killing time, after rescaling the surface gravity to one
over the bifurcation surface, gave the known entropy of
the static black hole. In the spherical setting, we can re-
place the Killing time with the Kodama vector as the dif-
feomorphism generator in the time direction. Integrating
the charge from the Einstein action L
E
= R=16 over a
section of the trapping horizon instead of the bifurcation








In the static case when k commutes with dr the Ko-
dama vector reduces to the Killing time [5], recovering
the Wald-Iyer result; an entropy that is just the area of
the horizon. However, we have now moved o the bifur-
cation surface to the locally dened trapping horizon.
1
In general,  is dynamical, the surface temperature of
the black hole varying with time as the black hole area
changes, so such rescaling of the charge seems somewhat
articial, as pointed out in [7]. So the question that then
comes to mind is: what is this conserved current and
1
Note that in Jacobson et al. [8] showed that any section of
a Killing horizon is equivalent to the bifurcation surface.
charge? To get a broader look at this question, we should
add matter elds to that action. So, let us consider the







 F : F; (10)
where the 1-formA is the electromagnetic potential, F =
2dA and : is the trace of the dot product. Then we nd
ÆL
M
= (T : Æg=2 + 	  ÆA) + d; (11)
where
T =  (F  F + (F : F )g=4)=4 (12)
	 = dF=4 (13)
 =  Æ(A  F )=8: (14)





    (	 A)=2; (15)






  (A  F ): (16)
Note that this method diers from that of Wald in that
it has not been necessary to express  explicitly as a
function of (; Æ), thereby saving calculation. The cal-
culation also uses the fact that d and L

commute. Note:
this charge is dependent on the gauge choice of the EM
elds, which is related to the Aharonov-Bohm eect.
We propose dening the energy of a eld as twice the
charge Q integrated over an (n  2)-dimensional surface.
For the Reissner-Nordstrom case, with the natural gauge












Combining this with the twice the Noether charge from

















that is just the mass of the black hole.
In [9], the question of the physical meaning of the to-
tal Noether current is brought up. The charge normally
associated with transformations along a time direction is
of course the energy. Although further cases need to be
studied, in the Schwarzschild case and now the Reissner-
Nordstrom case, the total Noether charge is indeed the
energy at the boundary.
2
Another point about the Noether currents is that be-
cause the symplectic potential and the charge are only
dened up to total derivatives, it is possible to change
the charge by adding various surface terms. Iyer and
Wald have proposed methods for choosing which terms
should lead to the entropy [3], which does give the right
entropy in the Reissner-Nordstrom case after rescaling
the surface gravity. However, it seems easier to under-
stand the freedom of the choice of the symplectic poten-
tial if the Noether charge is viewed as an energy. The
changes in the current are analogous to Legendre trans-
formations in thermodynamics which result in dierent
energies such as the Gibb's free energy. So with Iyer and
Wald's selection rule [3], the gravitational entropy seems
to be singled out such that it occurs with only the surface
gravity appearing in front of it.
In the above calculations, it is assumed that the space-









, there is no trapping
horizon and no other inner boundary other than the sin-





inner and outer trapping horizons coincide and become
































it is easy to see that r = m is a still a well dened
trapping horizon. However, the surface gravity is pro-
portional to the dierence between the inner and outer




), and is zero in the
extremal case. In Wald's denition, the surface gravity
must be rescaled to unity in order to dene the entropy.
In the extremal case, because the surface gravity is zero,
it is not possible to do this rescaling, resulting in an ill-
dened entropy. Using the classical rst law (3), it would
still seem that the entropy is just the area of the trapping
horizon over 4. However, using Nernst's theorem: if the
temperature (the surface gravity) vanishes then the sys-
tem settles in its ground state and the entropy vanishes.
The system being in some sort ground state makes sense
because the Einstein energy vanishes, E
E
= 0. The prob-
lem of the entropy of the extremal case has been discussed
in various papers, for example [11]. However without a
quantum-statistical model for the entropy, this problem
cannot be resolved.
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